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PREFACE. 


By Georce S. Rice. 


When the Federal mine-accident investigations were begun it 
became evident that the mining engineers who investigated mine 
explosions and fires would have to guard against the possibility of 
secondary explosions; therefore they would have to know when an 
atmosphere that they might enter with breathing apparatus and 
electric safety lamps was explosive, or rapidly becoming so through 
the influx of methane or the formation of carbon monoxide. 

In certain instances it may be important to know, in some area in 
which ventilation has not been restored following an explosion, 
whether it is safe to admit searching parties or brattice men using oil 
safety lamps in case electric safety lamps are not available. 

In handling mine fires there are many times when it is important to 
know whether the atmosphere in the vicinity is inflammable or becom- 
ing so either through the decrease or, in some cases, increase of the 
ventilating current. 

The information given by the flame of a safety lamp in the complex 
gaseous mixtures following an explosion or introduced from a fire is 
not always sufficient. It is true the flame shows whether a particular 
atmosphere is explosive, but it does not show the composition of the 
atmosphere, and often a lamp can not be taken into a gaseous mixture 
either because such action would be unsafe, or because the gas has 
accumulated behind a stopping, and has to be sampled through a pipe. 
Under such circumstances analysis of the mixture affords the only 
safe and satisfactory method of obtaining the information desired. 
Accordingly, the engineers engaged in this work were supplied with 
portable gas-analysis apparatus with which analyses could be promptly 
made in the field. These analyses enabled the engineers to take the 
proper action in many cases in which without such analysis they 
would have been in doubt; in particular the analyses showed whether 
it was safe to continue work in certain atmospheres, or whether the 
men should be withdrawn from the district or the mine. 

Presently another problem arose. The gaseous mixtures were sel- 
dom simply methane and air; generally there were other gases 
present, the effects of which on the explosibility of the mixtures 
were not known, so that in the case of some analyses it was impossible 
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6 INFLUENCE OF GASES ON INFLAMMABLE GASEOUS MIXTURES. 


for the engineer to state whether the mixture analyzed was inert, or 
was inflammable, or even explosive. Again, in fighting some mine 
fires it was planned to introduce inert gases, such as carbon dioxide 
or nitrogen, and it was impossible, from the data available, to deter- 
mine what amounts would render inert the gaseous mixtures in the 
fire area. For these reasons the writer of this preface asked the 
Director of the Bureau of Mines to have the subject investigated, so 
that those dealing with mine explosions and fires might be able to 
decide with greater confidence questions relating to their control, 
such as the erection of stoppings and the reversal of air current. 
The investigation was assigned to J. K. Clement, physicist, who made 
the determinations and prepared the essential part of this paper a 
year or more ago. The results have been of such value to the mining 
engineers of the bureau that their publication is deemed advisable. 

The problems given to Mr. Clement were these: 

(1) Assume that after an explosion in a gaseous mine the work- 
ings continue to give off methane, some air enters an area in which 
there may be latent fires, and an analysis discloses, say, 15 per cent 
carbon dioxide and 11 per cent methane. Is the mixture inflamma- 
ble? If it is not, will the introduction of more air make it so? 

(2) Assume that besides carbon dioxide some carbon monoxide is 
formed by the explosion, as is generally the case, what effect will 
the carbon monoxide have upon the inflammability of a mixture 
that contains less than 5 per cent of methane? 

(3) If a mine fire that is being sealed is forming carbon monoxide 
and dioxide, as well as distilling methane, hydrogen, and other gases, 
in what proportions with the oxygen present will these gases be 
explosive ? 

The complement of the latter problem arises when inert gases like 
carbon dioxide and nitrogen are artificially introduced into a fire 
area containing inflammable gases, which may be _ temporarily 
stratified above the level of the fire. How much carbon dioxide or 
nitrogen should be introduced to render the mixtures harmless ? 

The chief gases in mine atmospheres resulting from explosions 
and fires are: Nitrogen, oxygen, carbon dioxide, and the inflammable 
gases carbon monoxide and methane. Hydrogen, ethane, and other 
carbureted hydrogen gases and sulphureted hydrogen are found, but 
are generally in such minor proportions that they may be grouped 
with the methane. The proportions of the five chief gases are 
variable, so that the problem of determining the inflammability of 
‘mixtures becomes very difficult. Mr. Clement has determined the 
more important combinations except those with carbon monoxide, 
and will take up the study of these in the near future. 
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THE INFLUENCE OF INERT GASES ON INFLAMMABLE 
GASEOUS MIXTURES. 


By J. K. CLEeMeEnr. 


INTRODUCTION. 


Mixtures of methane and air are explosive when the proportion of 
methane is not less than 5.5 and not more than 12.5 per cent by 
volume. These limits of explosibility apply when methane is mixed 
with normal air containing, when free from moisture, about 79 per 
cent nitrogen and 21 per cent oyxgen. If the composition of the air 
be modified by the removal of oxygen or by the addition of other 
gases, as for example, carbon dioxide, the explosive limits of the 
methane will vary. The explosibility is then no longer determined 
by the percentage of methane present, but is dependent, in addition, 
on the percentages of carbon monoxide, oxygen, carbon dioxide, 
and nitrogen present. The object of the experiments described in 
this report was to determine the range of explosibility of mixtures 
of methane or natural gas with oxygen, carbon dioxide, and 
nitrogen. 

The results are given in the form of tables and curves, by means 
of which one may readily determine whether any mixture of these 
gases, provided it contains not over 19 per cent oxygen and its 
composition is known, is explosive. 

In future experiments it is planned to extend the investigation 
to mixtures containing carbon monoxide. 


ACKNOWLEDGMENTS. 
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of L. H. Adams, junior chemist, who conducted the preliminary 
experiments, and especially of F. H. Ramsey, who succeeded Mr, 
Adams and performed most of the experiments. 


EXPERIMENTS IN HEMPEL EXPLOSION PIPETTE. 


Two types of explosion chambers were used in the experiments, 
a glass Hempel explosion pipette with an electric-spark igniter, 
and a steel vessel in which ignition was effected by the arc from a 


220-volt circuit. 
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8 INFLUENCE OF GASES ON INFLAMMABLE GASEOUS MIXTURES. 


The arrangement of the Hempel apparatus used in the first experi- 
ment is shown in figure 1, in which A is the water-jacketed burette 


FiGuRE 1.—Arrangement of gas burette and Hempel ex- 
plosion pipette. 


and B is the Hempel ex- 
plosion pipette, the spark 
gap beingshownat C. Mer- 
cury was used as the re- 
taining liquid in the explo- 
sion pipette and water in 
the burette. The platinum 
electrodes, C, were con- 
nected to the secondary 
coil of a 4-inch induction 
coil. The current through 
the primary of the induc- 
tion coil was furnished by a 
lead storage battery. 

The volume of gas taken 
was the same in all experi- 
ments—100 c.c. The gas 
mixture was prepared by 
introducing the proper vol- 
ume of each constituent 
into the burette and pass- 
ing the mixture back and 


forth between burette and pipette. The mixture was finally passed 
into the pipette and subjected to the action of the electric spark. 


PREPARATION OF GASES. 


As a matter of convenience, in part of the work natural gas from 
the Pittsburgh city mains was used instead of methane. The 
composition of this gas, according to analyses by G. A. Burrell, 


chemist, is: 


Composition of natural gas used at Pittsburgh. 


Methatie (CH) 252.55 iccueassioeSeseenasss 
Ethane (Ci) isso se acdsee. caseewvaree cc's 
Unsaturated hydrocarbons (C,H,, etc.)..... 
Nitrogen (N).23: «scc2c.ossc00 secscesenes 
OXVPEN (OM ac ssctnssdoce eats anqeels see 26 
Hydrogen (H,)..........-- Sits Sone eee 
Carbon monoxide ((O)...............-+-- 
Carbon dioxide (COg)..........2--.---++--- 


oooeoocor 


i] 


100. 0 


Nitrogen was prepared from aqueous ammonium chloride and 
sodium nitrite, and was passed through a solution containing five 
volumes of concentrated potassium dichromate to one volume of con- 
centrated sulphuric acid, in order to remove oxides of nitrogen. 
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RESULTS OF EXPERIMENTS. 9 


Carbon dioxide was taken from a tank of liquid carbon dioxide, 
allowance being made for the air present in the gas, and oxygen was 
taken from a tank of compressed oxygen prepared by the Linde 
method. 

Methane was prepared from sodium acetate and soda-lime, the gas 
being passed through wash bottles containing fuming sulphuric acid 
and potassium hydroxide. 


RESULTS OF EXPERIMENTS. 


Tables 1 and 2 give the results of experiments made in the Hempel 
explosion pipette. The results with the natural gas used are con- 
tained in Table 1 and those with methane in Table 2. The same 
results are represented graphically in figures 2 and 3. 


TaBLe 1.—Limits of explosibility in natural gas, oxygen, carbon dioxide, and nitrogen, 


| Natural gas. 


On. | CO:. 
| Lower | Upper 
| limit. limit. 


2 


Per cent. | Per cent.| Per cent.| Per cent. 
0 12.6 


19.5 6.2 

19.5 12 5.6 sont 
19.5 25 6.1 1.5 
19.5 35 6.4 weet 
19.5 45 6.9 10.5 
19.5 53 7.2 were 
19.5 61 8.4 8.7 
19.0 0 5.2 12.2 
19.0 12 5.6 11.6 
19.0 25 6.1 10.9 
19.0 35 6.5 10.3 
19.0 45 7.0 9.8 
19.0 53 7.6 8.9 
19.0 58 8.3 8.5 
18.0 0 5.2 11.1 
18.0 12 5. 65 10.5 
18.0 25 6.3 9.8 
18.0 35 6.5 9.4 
18.0 45 rip | 8.8 
18.0 50 7.3 8.1 
17.0 0 5.3 10.1 
17.0 8 5.6 9.8 
17.0 15 5.8 9.2 
17.0 25 6.45 8.7 
17.0 31 6.6 8.1 
17.0 33 7.0 tet 
17.0 33.5 7.1 7.2 
16.0 0 5.4 9.0 
16.0 5 5.65 9.0 
16.0 10 5.8 8.6 
16.0 15 5.9 8.4 
16.0 25 7.0 7.5 
16.0 26 7.1 7.4 
15.0 0 5.4 7.5 
15.0 7 6.0 7.5 
15.0 15 6.4 6.8 
15.0 15.5 6.6 6.7 
14.0 0 5.9 6.3 
14.0 2 6.2 6.3 
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RESULTS OF EXPERIMENTS. 
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12 INFLUENCE OF GASES ON INFLAMMABLE GASEOUS MIXTURES, 


TaBLE 2.—Limits of explosibility in methane, oxygen, carbon dioxide, and nitrogen. 


Methane. 
CO. 
Lower | Upper 
limit. limit. 
Per cent. | Per cent. | Per cent. | Per cent. 

20.0 0.0 5.8 14.2 
20.0 10.0 6.2 aie 

20.0 20.0 aoe 13,2 
20.0 45.0 7.7 12.1 
20.0 520 8.3 111 
20.0 62.0 8.8 10.1 
19.0 0.0 5.8 13.0 
19.0 10.0 6.2 See 

19.0 25.0 6.9 11.6 
19.0 45.0 7.8 10.8 
19.0 52.0 8.4 9.38 
19.0 54.0 8.7 9.2 
18.0 0.0 5.8 11.7 
18.0 25.0 7.0 10.1 
18.0 35.0 7.7 9.5 
18.0 40.0 8.5 9.0 
17.0 0.0 5.8 16.6 
17.0 15.0 aos 9.6 
17.0 25.0 7.0 9.1 
17.0 28.0 reg 8.7 
17.0 31.0 8.2 8.3 
16.0 0.0 6,2 9.5 
16.0 15.0 6.8 8.9 
16.0 18.0 Ved 8.6 
16.0 22.0 wy & 8.3 
16.0 23.0 8.0 8.1 
15.0 0.0 6.3 8.4 
15.0 10.0 7.1 rea 
15.0 12.0 7.4 7.6 
14.0 0.0 6.5 6.9 


In these figures the percentage of natural gas, or percentage of 
methane, is plotted against the percentage of carbon dioxide, and each 
curve represents the limits of explosibility for a particular oxygen 
content. The space inclosed by the curve for a given percentage of 
oxygen is the region of explosive mixtures for the oxygen content in 
question. For example, if the coordinates for methane and carbon 
dioxide of a gas mixture containing 16 per cent oxygen intersect at a 
point within the curve for 16 per cent oxygen, in figure 3, the gas is 
explosive. If the point of intersection lies outside of the curve, the 
mixture is not explosive under the action of the electric spark. A 
gas containing 16 per cent oxygen, 7 per cent methane, 7 per cent 
carbon dioxide, and 70 per cent nitrogen is explosive, since the point 
of intersection of the coordinate corresponding to 7 per cent methane 
and 7 per cent carbon dioxide lies well within the explosibility curve 
for 16 per cent oxygen. The coordinates for a mixture containing 16 
per cent oxygen, 10 per cent methane, and 8 per cent carbon dioxide 
intersect above the upper branch of the curve for 16 per cent oxygen; 
consequently this mixture is not ignited by the electric spark. 
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EXPERIMENTS IN STEEL EXPLOSION CHAMBER. 13 
EXPERIMENTS IN STEEL EXPLOSION CHAMBER. 
DESCRIPTION OF APPARATUS. 


In the experiments in the Hempel pipette it was found that the 
limits of explosibility of natural gas and of methane depended to a 
considerable extent on the characteristics of the electric spark by 
which the gases were ignited. The objects in view in designing the 
steel explosion chamber were: To obtain more uniform conditions for 
ignition; to obtain more favorable conditions for ignition by increas- 
ing the amount of energy liberated; and to experiment with larger 
volumes of gas. The apparatus that is shown in figure 4 and Plate I 
consists of a steel tube closed at both ends and provided with stop- 
cocks, an electric-arc igniter, a mixing device, a window for observing 
the flame, and an opening covered with a paraffined paper diaphragm 
through which the pressure was released. 

‘The igniter, shown in detail in figure 4, was designed so that an arc 
could be maintained momentarily or for any desired time. The 
arc was connected to a 220-volt direct-current circuit, with suitable 
resistances in series to give a current of 1.5 amperes. 


RESULTS OF EXPERIMENTS. 


The limits of explosibility in mixtures of methane, oxygen, carbon 
dioxide, and nitrogen determined in the steel explosion chamber are 
given in Table 3 and figure 5. 

The general shape of the curves is the same as found in the Hempel 
pipette (fig. 3). The limits of explosibility in the steel explosion- 
chamber are, however, appreciably wider, as is evident from figure 6, 
in which are plotted the curves for both types of apparatus and for 
mixtures of natural gas, carbon dioxide, oxygen, and nitrogen, the 
mixtures containing 16 per cent oxygen. 
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14 INFLUENCE OF GASES ON INFILAMMABLE GASEOUS MIXTURES. 
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FIGURE 4.—Plan and elevation of steel explosion chamber, with details of igniter. 


Original from 


am Gox gle PRINCETON UNIV 


15 


EXPERIMENTS IN STEEL EXPLOSION CHAMBER. 


“soquivyo uosojdxa Joos pus oyedid joduey uy Aypqisojdxe Jo gywyI—g AUNT 
LINAO Wid ‘AGIXOId NOMUVO 
gl of fl z2t or 8 9 F 


Ede 


| 


tt. 
LT AT TT 
VET TT 
Y {| 
Yt Ty 


imi 


7 
: 
esac 


Peer eet 


*requreyo uorsojdxe [9018 uy Aq] TIqIS0[dxe jo syTUT—"g TUNOTT 
INO Wad ‘AGIXOId NOMUVO 


&% 


0@ i! ot 


g 
a. 
[ty 


: 


\| 
\\ 


sete 
a 


| 


i 
mv 


i 


Th 


vile a 


=z Trt ols 


3 
5 
AV 
p i 4 a 
oa’ 
yy 
PTT eT eT a Ws 
| po 


INAS Udd ‘ANVHLAN 


Google 


16 INFLUENCE OF GASES ON INFLAMMABLE GASEOUS MIXTURES. 


TABLE 3.—Limits of explosibility in methane, orygen, carbon dioxide, and nitrogen in 
steel explosion chamber. 


[Ignition by are from breaking 220-volt circuit.] 


Methane, 
O. CO. Lower limit. Upper limit. 
Explo- | Explo- 
Burning. sion: sion, | Burning. 
1 2 8 | 4 5 6 
Percent. | Percent. | Percent. | Per cent. | Per cent. | Per cent. 

19.0 0.0 aS = 5.5 13.5 sen 
19.0 20.0 as 6.4 Sous 
19.0 38.0 7.2 10.8 
19.0 50.0 8.0 11.3 
18.0 0.0 5.7 12.8 
18.0 20.0 6.4 11.8 
. 18.0 28.0 6.9 11.0 
18.0 38.0 7.5 10.6 
18.0 46.0 8.5 aaa 
18.0 48.0 oes 10.1 
17.0 0.0 5.7 11.8 
17.0 10.0 aes 11.1 
17.0 20.0 6.4 10.3 
17.0 28.0 7.0 10.0 
17.0 38.0 7.8 9.7 
17.0 43.0 8.3 8.7 
16.0 0.0 5.8 10.7 
16.0 10.0 6.2 10.1 
16.0 16.0 ae 9.6 
16.0 20.0 6.7 9.0 
16.0 24.0 7.0 Sees 
16.0 28.0 7.3 8.5 
16.0 30.0 7.4 8.1 
15.0 0.0 5.4 5.9 9.6 
15.0 8.0 6.0 6.2 9.1 
15.0 16.0 6.7 6.9 8.7 
15.0 20.0 af 7.2 8.0 
15.0 21.0 7.3 7.5 

14.0 0.0 5.3 6.2 8.2 8.3 

14.0 6.0 6.1 6,8 7.9 8.1 

14.0 8.0 6.2 7.1 7.7 8.0 

14.0 12.5 6.6 7.3 7.5 7.6 

14.0 13.5 6.9 aes nN 7.2 
13.0 0.0 6.3 ree 
13.0 2.0 | 6.6 6.8 


In the majority of the experiments in the steel explosion chamber 
ignition of the gas was followed by a loud report and the disruption of 
the paper diaphragm. In certain mixtures, however, a flame was 
observed to travel slowly from the igniter toward the walls of the 
vessel, the pressure developed being too low to break the paper 
diaphragm. This slow burning, without explosion, was observed 
most frequently in mixtures of low oxygen content—under 16 per 
cent oxygen—and was more pronounced near the lower limits of 
explosion. In figure 5 the limits of burning are represented by 
broken lines, and the regions in which burning without explosion 
takes place are indicated by shading. 
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LIMITS OF EXPLOSIBILITY IN NATURAL GAS. 17 


Although the burning without explosion was observed in some 
experiments in the Hempel pipette with mixtures near the boundary 
between the explosive and nonexplosive mixtures, no distinction 
could be drawn between limits of burning and limits of explosion. 


LIMITS OF EXPLOSIBILITY IN NATURAL GAS, AIR, AND CARBON 
DIOXIDE. 

The results presented in Tables 1, 2, and 3 and in figures 2, 3, and 5 
show that carbon dioxide reduces the explosibility of mixtures of 
methane, or of methane and ethane, with oxygen and nitrogen. 
If in addition to its specific chemical or physical property in reducing 
explosibility carbon dioxide be introduced into the reacting gases 

13 
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a Fy wo 8 
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CARBON DIOXIDE, PER CENT. 
FigurRE 7.—Limits of explosibility in natural gas, air, and carbon dioxide. 

in such a way as to dilute the oxygen, the limits of explosibility will 
approach each other, with increase in the carbon dioxide content, 
more rapidly than in a series of mixtures having a constant oxygen 
content. Table 4 and figure 7 give the limits of explosibility in 
natural gas, carbon dioxide, and air, as determined in the Hempel 
Pipette. 


TABLE 4.—Limits of explosibility in natural gas, air, and carbon dioride, 


Natural gas. | 
COs. O2 ee. 

Lower Upper 
limit. limit. 
0.0 19.9 5.2 ess 
0.0 18.5 ave 11.6 
4.7 18.8 5.5 site 
4.4 17.7 one 10.8 
9.4 17.8 5.9 Scat 
9.0 17.0 avs 10.0 
14.1 16.7 6.2 Me 
13.7 16.3 wee 8.6 

18.7 15.7 6.5 eo 
18.5 15.5 aaa 7.8 
20.5 15.3 6.7 8.3 
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18 INFLUENCE OF GASES ON INFLAMMABLE GASEOUS MIXTURES. 


The ratios of the constituent gases are such as would exist if car- 
bon dioxide were introduced into a mine area containing air and 
methane in various proportions. The oxygen of the gaseous mix- 
ture is diluted in proportion to the amount of carbon dioxide added. 


LIMITS OF EXPLOSIBILITY WHEN OXYGEN IS REPLACED BY 
CARBON DIOXIDE. 


When carbon dioxide is present in a mine atmosphere as the result 
of a fire or an explosion of fire damp, the oxygen content of the atmos- 
phere is lower than that of normal air (21 per cent) by an amount 
equal to or greater than the percentage of CO, present: 


CO,+0,<21. 


On account of the rapid reduction of the oxygen content with 
increase of carbon dioxide, the range of explosibility in a series of 
mixtures in which oxygen is replaced by carbon dioxide is relatively 
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NATURAD GAS, PER CENT. 


HH 
Tt | 
2 4 6 


3 
CARBON DIOXIDE, PER CENT. 
FIGURE 8,—Limits of explosibility in natural gas and air, with carbon dioxide in place of oxygen. 


small. The limits of explosibility in mixtures of natural gas with 
air in which the oxygen is replaced by carbon dioxide are given in 
Table 5 and figure 8. The experiments were made in the Hempel 
explosion pipette. 
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INFLUENCE OF CARBON DIOXIDE. 19 


TaBLE 5.—Limits of explosibility in natural gas and air. 


[Oxygen replaced by CO3.] 
Natural gas. 
Lower | Upper 
limit. | limit. 
0.0 19.9 5.1 
0.0 18.5 eee 12.0 
1.9 18.1 5.2 
1.8 17.1 wa 10.5 
2.8 17.2 5.3 
2.7 16.4 9.4 
3.8 16.2 5.5 meats 
3.65 15.6 8.8 
5.1 15.0 5.5 Be 
5.0 14.6 See, 7.6 
5.65 14.4 5.7 
5.55 14.2 nec 7.1 
5.85 14.2 5.8 Sania 
5.8 14.1 nie 6.5 
5.9 14.2 | No explosion. 


THE INFLUENCE OF CARBON DIOXIDE ON THE EXPLOSIBILITY 
OF METHANE AND NATURAL GAS. 


The results presented above show that the addition of carbon 
dioxide to mixtures of methane and air, or of natural gas and air, 
reduces the range of explosibility. This action of carbon dioxide 
can not be attributed solely to the resulting dilution of the explosive 
mixture, for the limits of explosibility are reduced when carbon di- 
oxide is used to replace the nitrogen of the air. The effect of carbon 
dioxide on the explosibility of gases must therefore be due to a spe- 
cific chemical or physical property. As carbon dioxide does not 
react chemically with any of the gases in question,some physical prop- 
erty must account for its behavior. 

In chemical reactions that proceed with evolution of heat, part of 
the heat liberated ‘raises the temperature of the reacting substances 
and part is dissipated by conduction and radiation. In the majority 
of the reactions that take place at ordinary temperatures the heat is 
dissipated by conduction and radiation as rapidly as it is generated, and 
the rise in temperature of the reacting substances is slight. In other 
cases heat is evolved more rapidly than it can be dissipated, and the 
temperature of the system rises. The rise in temperature causes an 
increase in the speed of the reaction and consequently in the rate at 
which heat is evolved. This in turn causes a further rise of tempera- 
ture and further increase of the speed of the reaction. Under favor- 
able conditions the rise of temperature and the acceleration of reac- 
tion velocity may continue until the reaction proceeds with the speed 
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of explosion and is accompanied by flame and violence. The lowest 
temperature at which explosion takes place in a given system is called 
the ignition temperature of the system. The ignition temperature of 
methane in air is 650° to 750° C. (1,200° to 1,382° F.); that of methane 
in oxygen is 556° to 700° C. (1,033° to 1,292° F.). In order to ignite, 
a gas by means of an igniter, such as an electric spark or arc, situated 
at one point in the gas, the igniter must raise the temperature of the 
gas in its immediate vicinity so high that the combustion of this gas 
will develop heat with sufficient rapidity to raise the temperature of 
the adjacent portion of the gas to its ignition temperature. 

With a given type of apparatus and with a given gas pressure, igni- 
tion depends on the chemical and physical properties of the gas. 
The more rapidly heat is developed by the combustion of the gas, the 
greater is the chance for ignition. On the other hand, the higher the 
thermal conductivity of the gas the more rapidly is heat dissipated 
from the zone of reaction and the less the amount of heat available 
for raising the temperature of the gas near the igniter to the tempera- 
ture of ignition. Also, the greater the heat capacity of the gas—that 
is, the amount of heat required to raise the temperature of a given 
volume of the gas one degree—the greater will be the amount of heat 
required to raise the gas to its ignition temperature. When carbon 
dioxide is introduced in place of nitrogen in a mixture of methane, 
oxygen, and nitrogen, since carbon dioxide does not react with the 
other gases in the mixture, the heat of the reaction is not changed. 
The reduction of the limits of explosibility by an indifferent gas may 
be due, then, to a higher thermal conductivity or to a higher specific 
heat. The reduction in the limits of explosibility observed in the 
experiments with carbon dioxide can not be due to a difference in 
thermal conductivity, for the conductivity of carbon dioxide is less 
than that of nitrogen.® 

The mean molecular heats of carbon dioxide and nitrogen between 
0° and 650° C. are, respectively, 10.6 and 7.2.2. A given volume of 


oa . 10. Sn, a6 
carbon dioxide will absorb, therefore, vy or 1.47 times as much 


heat—practically 50 per cent more—as the same volume of nitrogen 
while being heated to 650° C., the ignition temperature of methane. 

The action of carbon dioxide in reducing the explosibility of 
methane and natural gas can be accounted for by the high specific 
heat of this gas, and in the opinion of the author it is due to this 
property. 


a Landolt and Bornstein, Phys.-chem. Tabellen, 3d ed., 1905, p. 511; Todd, G, W., Thermal conduc 
tivity of air and other gases: Proc. Royal Soc., ser, A, vol. 83, 1909, pp. 19-39; Science Abstracts, vol. 13, 
1910, p. 83. 

+ Holborn and Austin, Sitzungsb. Kgl, Preuss. Acad., 1905, p. 175. 
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The data found for the limits of explosibility in mixtures of methane, 
oxygen, nitrogen, and carbon dioxide may be used either to deter- 
mine: (a) Whether any mixture of these gases, whose analysis is 
known, is explosive; (6) whether a nonexplosive mixture of methane, 
oxygen, nitrogen, and carbon dioxide will form an explosive mixture 
when air is added to it; and (c) what quantity of an inert gas, as 
nitrogen or carbon dioxide, must be added to a given explosive mix- 
ture of methane, oxygen, and nitrogen, or of methane, oxygen, nitro- 
gen, and carbon dioxide, to render it nonexplosive. The results apply 
to mixtures of these four gases only and not to mixtures containing 
appreciable quantities of carbon monoxide. As somewhat wider 
limits of explosibility were found in the steel explosion chamber with 
the arc igniter than in the Hempel explosion pipette, the results 
obtained in the former apparatus, given in Table 3 and figure 5, should 
be used in determining the explosibility of gas mixtures. 

The spaces inclosed by the curves for different percentages of oxy- 
gen in figure 5 represent the regions of explosibility. If the methane 
and carbon dioxide coordinates for a given gas mixture intersect 
inside of the curve corresponding to the oxygen content of the mix- 
ture, the mixture is explosive. If the point of intersection lies out- 
side of the curve, the mixture will not explode when subjected to the 
action of the electric arc. Thus, a gas containing 16 per cent oxygen, 
7 per cent methane, and 15 per cent carbon dioxide is explosive, while 
a gas containing the same percentages of oxygen and carbon dioxide 
and 11 per cent methane is not explosive. The latter gas will form 
an explosive mixture, however, when mixed with air in certain pro- 
portions. For example, if 25 cubic feet of air be added to 100 cubic 
feet of this gas the resulting 125 cubic feet of gas will contain: 

15 cubic feet, or 12 per cent, carbon dioxide. 
11 cubic feet, or 8.8 per cent, methane. 


21.25 cubic feet, or 17.0 per cent, oxygen. 
77.75 cubic feet, or 62.2 per cent, nitrogen. 


125 100 


The point of intersection of the coordinates for 12 per cent carbon 
dioxide and 8.8 per cent methane lies well within the curve for 17 
per cent oxygen, and the gas mixture is therefore explosive. Similar 
calculations will show that if more than 15 and less than 80 volumes 
of air be mixed with 100 volumes of a gas mixture of the composition 
given above, the resultant mixture will fall within the limits of 
explosibility represented by the curves in figure 5. 

The following examples illustrate the use of the data represented 
by the curves in figure 5 to calculate the quantity of an inert gas to 
be added to an inflammable gas mixture in order to render it nonin- 
flammable: 
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1. If to 100 cubic feet of a mixture of methane and air containing 
8.5 per cent methane and 19.2 per cent oxygen there be added 30 
cubic feet of carbon dioxide, the resulting 130 cubic feet of gas will 
contain: 

30 cubic feet, or 23.1 per cent, carbon dioxide. 
8.5 cubic feet, or 6.5 per cent, methane. 


19.2 cubic feet, or 14.8 per cent, oxygen. 
72.3 cubic feet, or 55.6 per cent, nitrogen. 


130.0 100.0 


The coordinates for 23.1 per cent carbon dioxide and 6.5 per cent 
methane intersect at a point which lies beyond the curve for 15 per cent 
oxygen, so the mixture is not explosive. 

2. A gas mixture contains 5 per cent carbon dioxide, 10 per cent 
methane, and 16.5 per cent oxygen; the remainder is nitrogen. If to 
100 cubic feet of this gas there be added 15 cubic feet of carbon dioxide, 
the resulting mixture will contain: 


20 cubic feet, or 17.4 per cent, carbon dioxide. 
10 cubic feet, or 8.7 per cent, methane. 

16.5 cubic feet, or 14.4 per cent, oxygen. 

68.5 cubic feet, or 59.5 per cent, nitrogen. 


By reference to the curves in figure 5 it will be found that this gas 
is not explosive. 


PUBLICATIONS ON MINE ACCIDENTS AND METHODS OF MINING. 


The following Bureau of Mines publications may be obtained free 
by applying to the Director, Bureau of Mines, Washington, D. C.: 


Buuetin 10. The use of permissible explosives, by J. J. Rutledge and Clarence 
Hall. 1912. 34 pp., 5 pls., 4 figs. 

Butietin 15. Investigations of explosives used in coal mines, by Clarence Hall, 
W. O. Snelling, and S. P. Howell, with a chapter on the natural gas used at Pittsburgh, 
by G. A. Burrell, and an introduction by C, E. Munroe. 1911. 197 pp., 7 pls., 5 figs. 

BuLLetin 17. A primer on explosives for coal miners, by C. E. Munroe and Clarence 
Hall. 61 pp., 10 pls., 12 figs. Reprint of United States Geological Survey Bulletin 
423. 

Butietin 20. The explosibility of coal dust, by G. 8. Rice, with chapters by 
J.C. W. Frazer, Axel Larsen, Frank Haas, and Carl Scholz. 204 pp., 14 pls., 28 figs. 
Reprint of United States Geological Survey Bulletin 425. 

Bu vetin 44. First national mine-safety demonstration, Pittsburgh, Pa., October 
30 and 31, 1911, by H. M. Wilson and A. H. Fay, with a chapter on the explosion at 
the experimental mine, by G. 8. Rice. 1912. 75 pp., 7 pls., 4 figs. 

Butvetin 45. Sand available for mine filling in the Northern Anthracite Coal 
Basin of Pennsylvania, by N. H. Darton. 1912. 33 pp., 8 pls., 5 figs. 

Bu.uetin 46. An investigation of explosion-proof mine motors, by H. H. Clark. 
1912. 44 pp., 6 pls., 14 figs. 

Butetin 48. The selection of explosives used in engineering and mining opera- 
tions, by Clarence Hall and 8. P. Howell. 1912. 50 pp., 3 pls., 7 figs. 

Butvetin 51. The analysis of black powder and dynamite, by W. O. Snelling and 
€.G.Storm. 1913. 76 pp.,3 pls., 5 figs. 
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Bu.uetTin 52. Ignition of mine gases by the filaments cf incandescent electric 
lamps, by H. H. Clark and L. C. Ilsley. 1913. 31 pp., 6 pls., 2 figs. 

BuLietin 56. First series of coal-dust explosion tests in the experimental mine, by 
G. 8. Rice, L. M. Jones, J. K. Clement,and W.L.Egy. 1913. 115pp.,12 pls., 27 figs. 

BuLuetin 59. Investigations of detonators and electric detonators, by C. Hall and 
S. P. Howell. 1913. 79 pp., 10 pls., 5 figs. 

BuLueTIn 62. National mine-rescue and first-aid conference, Pittsburgh, Pa., 
September 23-25, 1912, by H. M. Wilson. 1913. 74 pp. 

TECHNICAL Paper 4. The electrical section of the Bureau of Mines, its purpose 
and equipment, by H. H. Clark. 1911. 12 pp. 

TECHNICAL Paper 6. The rate of burning of fuse as influenced by temperature 
and pressure, by W. O. Snelling and W. C. Cope. 1912. 28 pp. 

TECHNICAL PaPER 7. Investigations of fuse and miners’ squibs, by Clarence Hall 
and 8. P. Howell. 1912. 19 pp. 

TECHNICAL Parer 11. The use of mice and birds for detecting carbon monoxide 
after mine fires and explosions, by G. A. Burrell. 1912. 15 pp. 

TECHNICAL PAPER 12. The behavior of nitroglycerin when heated, by W. O. Snell- 
ing and C.G. Storm. 1912. 14 pp.,1pl., 2 figs. 

TECHNICAL Paper 13. Gas analysis as an aid in fighting mine fires, by G. A. Burrell 
and F. M. Seibert. 1912. 16 pp., 1 fig. 

TECHNICAL Parer 14. Equipment of gas-analysis laboratories for coal mines, by 
G. A. Burrell. 1913. 24 pp., 7 figs. 

TecHNIcAL Parer 17. The effect of stemming on the efficiency of explosives, by 
W. O. Snelling and Clarence Hall. 1912. 20 pp., 11 figs. 

TECHNICAL Paper 18. Magazines and thaw houses for explosives, by Clarence Hall 
and S. P. Howell. 1912. 34pp.,1pl., 5 figs. 

TEcHNICAL Paper 19. The factor of safety in mine electrical installations, by H. H. 
Clark. 1912. 14 pp. 

TECHNICAL Paper 21. The prevention of mine explosions; report and recommenda- 
tions, by Victor Watteyne, Carl Meissener, and Arthur Desborough. 12 pp. Reprint 
of United States Geological Survey Bulletin 369. 

TECHNICAL ParER 23. Ignition of mine gas by miniature electric lamps, by H. H. 
Clark. 1912. 5 pp. 

TECHNICAL Parer 24. Mine fires, a preliminary study, by G. S. Rice. 1912. 51 
pp., 1 fig. 

TECHNICAL PaPeR 28. Ignition of mine gas by standard incandescent lamps, by 
H.H. Clark. 1912. 6 pp. 

TecHNICAL Paper 29. Training with mine-rescue breathing apparatus, by J. W. 
Paul. 1912. 16 pp. 

TECHNICAL Paper 40. Metal-mine accidents in the United States during the calen- 
dar year 1911, compiled by A. H. Fay. 1913. 54 pp. 

TECHNICAL Paper 46. Quarry accidents in the United States during the fiscal year 
1911, compiled by A. H. Fay. 1913. 34 pp. 

TECHNICAL Parer 47. Portable electric mine lamps, by H. H. Clark. 1913. 12 pp. 

TECHNICAL Paper 48. Coal-mine accidents in the United States, 1896-1912, with 
monthly statistics for 1912, compiled by F. W. Horton. 1913. 74 pp., 10 figs. 

TecHNicaL Paper 52. Permissible explosives tested prior to March 1, 1913, by 
Clarence Hall. 1913. 12 pp. 

TECHNICAL PaPer 53. Proposed regulations for the drilling of gas and oil wells, 
with comments thereon, by O. P. Hood and A. G. Heggem. 1913. 28 pp., 2 figs. 

Miners’ Crrcutar 3. Coal-dust explosions, by G. 8. Rice. 1911. 22 pp. 

Miners’ Crrcutar 4. The use and care of mine-rescue breathing apparatus, by J. W. 
Paul. 1911. 24 pp., 5 figs. 
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Miners’ Crrcuzar 5, Electrical accidents in mines: their causes and prevention, by 
H. H. Clark, W. D. Roberts, L. C. Isley, and H. F. Randolph, 1911. 10 pp., 3 pls. 

Miners’ CrrcuLar 6. Permissible explosives tested prior to January 1, 1912, and 
precautions to be taken in their use, by Clarence Hall. 1912. 20 pp. 

Miners’ CrrcuLar 9. Accidents from falls of roof and coal, by G. 8. Rice. 1912. 
16 pp. 

Miners’ CircutaRr 10. Mine fires and how to fight them, by J. W. Paul. 1912. 
14 pp. 

Miners’ Crrcu.ak 11. Accidents from mine cars and locomotives, by L. M. Jones. 
1912. 16 pp. 
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